Since they have been predicted and observed six years ago, photorefractive spatial solitons have attracted substantial research interest. Photorefractive solitons bring about several new fundamental aspects related to solitons in general.
INTRODUCTION
In 1 834, a Scottish scientist, John S. Russell, observed a "rounded smooth and well defmed heap of water'
propagating "without change of form or diminution of speed" [l] in a narrow and shallow canal. In front of and behind this heap of water, the water is calm rather than wavy. Russell noted this phenomenon in his notebook as a "wave of solitary elevation". Fifty years later, Korteweg and de Vries realized that, for this "solitary wave" to happen, the amplitude must be unusually large, meaning that the large amplitude causes the medium (water) to behave very differently than when the amplitude is small. That is, the behavior ofthe medium is nonlinear. Similar "solitary wave" phenomenon has been observed in different dispersive medium such as plasma or solids where waves of different frequencies normally propagate in different velocities. The solitary wave was observed to be either a single non-broadening spike or a periodic self-trapped wave-packet containing several "soliton" components, that split and come together periodically. In 1965, Zabusky and Kruskal [2] realized that such self-trapped wave-packets, under certain assumptions about the form of the nonlinearity, maintain their identities, powers and initial velocities, when they undergo collisions with each other. They concluded that these wave-packets behave and interact with each other like particles do, and named them "solitons". Roughly in the same time, Chiao[3] and his colleagues suggested that an optical beam might be able to totally prevent the diffraction effect. This is brought about by the wave nature oflight when the optical beam propagates in a nonlinear medium under special intensity and beam width. This optical beam is called an "optical spatial soliton"[4J.
An optical beam has a natural tendency, called diffraction, to broaden when it is propagating in a homogenous medium. However, some materials possess considerable optical nonlinearities [5] , that is, their refractive index is altered by the presence of light. Obviously, the change in the index modifies the propagation behavior of the light beam from that in a linear material. In self-focusing media, a higher intensity gives rise to a higher refractive index. If the index change due to the presence of light is made to be similar to that of a positive lens (or of a waveguide) in which the refractive index is higher at the center, this can reduce the diffraction of the Light beam. Under a specific condition, diffraction can be exactly compensated by the self-focusing effect and the beam's propagation becomes stationary. In a self-consistent way, we can understand that an "optical spatial soliton' occurs when the light beam which induces the waveguide inside the nonlinear material is one of the guided modes of that waveguide. Apart from several interesting applications utilizing the solitoninduced waveguides, this concept proves to be very useful when we look at the interaction between solitons.
Spatial solitons can exist in an either one-or two-dimensional form. The former occurs when the soliton confmes itself in one transverse dimension leaving the other transverse dimension unbounded or confmed by a slab waveguide. in the literature, these are called 1+1 D (one transverse + one :[ongimdinal) solitons. The second case occurs when the soliton confines itself in two transverse dimensions (2+1 D solitons). The temporal analogies of(1+l)D optical spatial solitons are "optical temporal solitons" which were first predicted by Hasegawa and Tappert [6] in 1973 and first observed experimentally by Mollenauer et al [7] in 1980. Optical temporal solitons have generated a great interest in the last two decades since they were considered as a possible candidate for long distance optical communication systems. There is no temporal analogy to (2+l)D optical spatial solitons.
Many different optical nonlinearities can support optical spatia' solitons. The most well-known one is the optical Kerr effect, in which the refractive index change is proportional to intensity. However, the optical spatial soliton initiated by the optical Kerr effect [3, 8] is oniy stable when the light beam is confined in one dimension by a slab waveguide and the diffraction in the other transverse dimension is compensated by the nonlinear effect. On the other hand, other nonlinearities that are all classified as saturable, can support (2+1OD spatial solitons. These include (2) quadratic solitons[9J which occur during a second harmonic generation process when the fundamental and the second harmonic are strongly coupled by the second-order nonlinearities, solitons in saturable nonlinear atomic vapor[lOJ when the optical frequency at the vicinity ofresonant electronic transition, and photorefractive solitons [l 1,12,13,14,151. 
PHOTOREFRACTWE SPATIAL SOLITONS
In 1992, Segev and his collaborators first predicted the existence of photorefractive solitons[l6], which is a different utilization oftraditional photorefractive effect. In contrast totwo-wave mixing, photorefractive solitons do not have periodic intensity and index patterns. Solitons entail self-action of a single beam and have nothing to do with holography. Over the past six years, photorefractive spatial solitons have attracted great interest because they exhibit stable self-trapping in two transverse dimensions and exist even with low optical power (as low as 10 nW). Photorefractive solitons are classified into several generic categories. They all rely on a change in the refractive index driven by the photorefractive effect to balance diffraction. Here we describe one particular type in detail: photorefractive screening solitons, which were studied and understood the most. Intuitively, one may view the formation of bright photorefractive screening solitons as illustrated in Fig. 1 . Consider a narrow light beam propagating in the center of a photorefractive crystal across which a voltage has been applied. In the illuminated region the density of free electrons increases, which means that the conductivity increases and the resistivity decreases. Since the resistivityis now not uniform across the crystal, the voltage drops primarily in the dark regions (a voltage divider) and this leads to a large space charge field, Esc, there and to a much lower field in the illuminated region. The refractive index changes by \n oc Esc (via the electro-optic effect). If An>O, this process results in an antiguide (a large increase in the index in the dark regions) which would strongly defocus the beam. However, whenAn is negative, the large negative index change in the dark regions creates a "graded index waveguide' that guides the beam that has generated it. (The sign of zin can depends on the direction of Ec with respect to the principal axes of the noncentrosymmetric photorefractive crystal, and can be reversed by simply reversing the voltage polarity.) When the optical beam is also the first guided mode of this induced waveguide, the beams' propagation becomes stationary and diffraction is eliminated. The kind of nonlinearity appears to be of a saturable form.
Amongst all types of photorefractive solitons discovered, this type has, by far, attracted most of the experimental attention simply because it is the easiest to understand intuitively in (1+1) dimensions. The difference between photorefractive solitons and Kerr solitons was apparent right from the first observation [16] . It became clear that photorefractive solitons (in general) are stable in (2+1) D as well as in (1+1) D [13,l4] . For example, (2+1) D screening solitons occur when a circular beam causes "bending" of the electric space charge field at the vicinity of the beam, and under some specific conditions (of beam intensity relative to 'dk' which is the corresponding irradiance which can generate the same amount of carriers excited by temperature, beam diameter, and applied field), the field component that gives rise to
Lfl attains approximately a circular symmetry. Another important fact is that all of the observations of (1+1) D photorefractive solitons were carried out in a 3D bulk medium and do not exhibit "transverse instability" (at least for any physically-realistic propagation distance of several cm) as long as the width and peak intensity of the beam and the applied field are the proper set of parameters that can support a soliton. Figure 2 shows typical top-view photographs of a 10-/I mwide (2+1) D screening soliton and a naturally diffracting beams ofthe same input when the nonlinearity is turned off.
As noted above, several other types ofphotorefractive solitons have been found thus far. "Quasi-steady-state" solitons, which exist during a fmite window in time (never surviving to steady state) were observed first [17] . They occur when an externally-applied field is slowly being screened by the space charge field. Another kind is thephotovoltaic soliton. It does not require an external bias field but instead relies on the bulk photovoltaic effect to create the space charge field, which in turn, modifies the refractive index and gives rise to a soliton[1 8]. A fourth type of photorefractive soliton exists in biased photorefractive semiconductors, such as InP, in which both electrons and holes participate in the formation of space charge field. Interestingly enough, the self-focusing effects that support these solitons undergo a large enhancement when the rate of optical excitation of holes is close to (but smaller than) the thermal excitation rate of electrons. When the optical excitation of holes exceeds the thermal excitation rate of electrons, self-focusing turns into self-defocusing, i.e., the sign of the optical nonlinearity can be reversed by all optical means [19] . It is worth noting two additional properties that are common to all photorefractive solitons. The first is the ability to generate solitons with optical power levels of 1 iwatt and lower. This occurs because zn depends on the ratio IE2/Idk rather than on the absolute value ofthe optical intensity IE,and 'dark i5 typically very low in photorefractive materials (the dark current is very low). The drawback (in terms of applications) is that the response time (dielectric relaxation time) scales as the inverse of the optical intensity, and can be long (seconds) for these power levels in lO.pm wide solitons. The other property is that the materials' response is wavelength dependent. Thus, one can generate solitons withiwatts power and use the waveguides induced by these solitons to guide, steer and control powerful (watts) beams at wavelengths for which the material is less photosensitive. Several unique interesting applications related to photorefractive solitons will be discussed in a later section.
SOLITON INTERACTIONS
Amongst all soliton properties, interactions (commonly referred to as "collisions") between solitons are perhaps the most fascinating feature, since, in many aspects, solitons interact like particles. One way to intuitively understand soliton collisions is to consider the solitons in terms oftheir self-consistent optical waveguides that are brought into close proximity.
The solitons guided in these waveguides (in the form of guided modes) overlap, primarily in the "center region between the waveguides where the evanescent 'tails" of the modes coexist. Now, there are two possible scenarios for these self-trapped beams to interact: coherent versus incoherent interactions. Both types of interactions are illustrated in Fig. 3 .
Coherent interactions occur when the nonlinear medium can respond to interference effects between the overlapping beams. They occur in all nonlinearities with an instantaneous (or extremely fast) time response (such as the optical Kerr effect and the quadratic nonlinearity). For all other nonlinearities that have a fairly long response time (e.g., photorefractive and thermal), the relative phase between the interacting beams must be kept stationary on a time scale much longer than the response time of the medium. When this occurs, the material responds to interference between the overlapping beams.
When the beams have a zero relative phase ("in-phase"), they interfere coherently and the intensity in the center region between the induced waveguides is increased. In a self-focusing medium, this leads to an increase in the refractive index in that region, which in turn, attracts more light to the center, moving the centroid of the solitons towards it and hence the solitons appear to attract each other. When the interacting beams are it out of phase from each other, they interfere destructively and the index in the center region is lower than it would have been ifthe beams were far away from each other.
As a result, the solitons appear to repel each other. In fact, both "attraction' and "repulsion" between solitons are actually due to asymmetries in their induced waveguides that is caused (via the nonlinearity) by the close proximity ofthe beams.
Incoherent interactions occur when the relative phase between the (soliton) beams varies much faster than the response time of the medium. In this case, the medium cannot respond to interference effects but responds only to the timeaveraged intensity (average taken over a time longer than material response time), which is identical to a simple superposition of the intensities. Therefore, irrespective of their relative phase, the intensities of the beams add up and the intensity in the "center' region between the solitons is increased (as compared to a single isolated beam). Since these solitons propagate in a self-focusing medium, this leads to an increase in the refractive index in that region. As a result, more light is "attracted" towards the center region and the solitons appear to attract each other. Such an incoherent 'interaction force" is always attractive (for bright solitons), since the intensity in the center region cannot decrease by merely the coexistence oftwo soliton beams at close proximity.
Collisions in Kerr media exhibit several very important differences in their outcome from collision processes in saturable nonlinear media. First, in Kerr media all solitons are (1+1)D, the collisions occur in one single plane and they are fully elastic. This implies that the number of solitons is conserved and that no energy is lost to radiation waves. In addition, the 'propagation velocities" of the solitons recover to their initial values after each collision. This equivalence between solitons and particles is the reason for the term "soliton'. Furthermore, if the input soliton trajectories are separated by a large angle, the solitons simply go through each other and remain unaffected by the collision, apart from a tiny displacement and a small change in absolute phase. For an attractive collision for parallel launched solitons at small lateral separation, the solitons move towards each other, combine and separate periodically. On the other hand, in a repulsive Kerr collision the solitons always move away from each other.
Collisions in saturable nonlinear media, are, in many aspects, much richer than those in Kerr media and therefore more interesting. First, saturable nonlinear media can support (2+1) D solitons and therefore collisions can occur in full 3D, giving rise to new effects that simply cannot exist in Kerr media. Second, the self-induced waveguides in saturable nonlinear media can guide more than one mode. This gives rise to new phemmena, including soliton fusion, fission, and annihilation. In 1992 Gatz et al have found [22] numerically that solitons in saturable nonlinear media which undergo a coherent collision at shallow relative angles can fuse to each other. One year later,. Snyder et al have shown theoretically that colliding solitons can undergo "fission', that is, generate additional soliton states upon collision, or, in other cases, annihilate each other [23] . Their explanation was simple and elegant: since both solitons induce waveguides, one needs to compare the collision angle to the critical angle for guidance in these waveguide (that is, to the angle above which total internal reflection occurs and a beam is guided in the waveguide). In terms of a "potential well", capture depends on whether the kinetic energy of the colliding wave-packets results in a velocity that is smaller than the escape velocity. If the collision occurs at an angle larger than the critical angle, the solitons simply go through each other unaffected (the beams refract twice while going through each other's induced waveguide but cannot couple light into it). If the collision occurs at "shallow" angles, the beams can couple light into each other's induced waveguide. Now if the waveguide can guide only a single-mode (a single bound state), the collision outcome will be identical to that of a similar collision in Kerr media.
However, ifthe waveguide can guide more than one mode, and ifthe collision is attractive, higher modes are excited in each waveguide and, hi some cases, the waveguides merge and the solitons fuse to form one soliton beam. Such a fusion process is always followed by some small energy loss to radiation waves, much like inelastic collisions between real particles. Fig. 4(b) shows the intensity distribution a long distance after a collision in which the same solitons collide at shallow angles and fuse to form, a single beam.
Since saturable nonlinear media can support (2+1) D solitons, one can also look at collisions of solitons with trajectories that do not form a single plane. When the solitons are individually launched, they move in their initial trajectories. When they are launched simultaneously, they interact (attract or repel each other) via the nonlinearity and their trajectories bend. If the soliton attraction exactly balances the "centrifugal force" due to rotation, the solitons can "capture" each other into orbit and spiral about each other, much like two celestial objects or two moving charged particles do. This idea was suggested by Mitchell et al [27] in the context of coherent collision. Recently, Shih at al have demonstrated such spiraling-orbiting interaction employing an incoherent collision between photorefractive screening solitons [28] . Under the proper initial conditions of separation and trajectories, the solitons capture each other into an elliptic orbit. This is shown in Fig. 5 . If the initial distance between the solitons is increased, the solitons' trajectories slightly bend toward each other but their "velocity" is larger than the escape velocity and they do not form a "bound pair". On the other hand, if their separation is too small, they spiral on a "converging orbit" and eventually fuse. An effect similar to this spiraling fusion was also 
INCOhERENT SOLITONS
Until 1995, all soliton experiments in nature employed a coherent "pulse", either in space, time, or both. In other words, given the phase at a given location on the pulse (space or time) one can predict the phase anywhere on that selftrapped pulse. However, pulses or wave-packets do not necessarily need to be coherent. To understand the new ideas involved, we need first to explain some aspects of incoherent light. A spatiallyincoherent beam is nothing but a multi-mode (so-called "speckled" beam) whose structure varies ranthmly with time. The beam consists of bright and dark ?patches (thus the notion 'multi-mode") that are caused by a random phase distribution, which varies randomly with time. The envelope of this beam is defmed by the time-averaged intensity. To illustrate this, consider a detector array (e.g., human eye) which monitors the beam. When this detector responds much slower than the characteristic phase fluctuation time, all it will 'see" is the time-averaged envelope. Typically, such an incoherent beam diffracts much more than a coherent beam, since every small bright 'patch" (speckle) contributes to the diffraction of the envelope. In the limiting case of the speckles being much smaller than the beam size, diffraction is dominated by the degree of coherence, i.e., the size ofthe speckle, rather than the diameter ofthe bms envelope.
Instantaneous nonlinearities cannot self-trap such a beam. If an incoherent beam is launched into a self-focusing nonlinear medium that responds instantaneously (e.g., the Optical Kerr effect), each small speckle forms a small "positive lens" and captures a small fraction of the beam. These bright-dark features on the beam change very fast throughout propagation and these tiny induced-waveguides intersect and cross each other in a random manner. The net effect is beam breakup into small fragments and self-trapping ofthe beam's envelope will not occur.
For self-trapping of an incoherent beam (an incoherent soliton) to exist, several conditions must be satisfied. First, the nonlinearity must be non-instantaneous with a response time that is much longer than the phase fluctuation time across the incoherent beam. Such a nonlinearity responds to the time-averaged envelope and not to the instantaneous "speckles" that constitute the incoherent beam. Second, the multi-mode (speckled) beam should be able to induce a multi-mode waveguide via the nonlinearity. This is achievable in any saturable nonlinear media. Third, as with all solitons, self-trapping requires self-consistency: the multi-mode beam must be able to guide itself in its own induced waveguide. Theory of incoherent solitons was presented in two recent papers by Christodoulides and Segev groups [31] . From the theory it is apparent that the self-trapping process re-shapes the statistics of the incoherent beam. For example, incoherent sources (e.g., the sun) have non-localized statistics: the correlation length (loosely defmed as the distance beyond which two points are no longer phase-correlated) does not depend on the absolute location. In the incoherent soliton, however, the correlation length has a different value at the center of the beam and at its margins. Furthermore, it is possible to 'engineer" (at least to some extent) the coherence properties of an incoherent beam by the self-trapping process. The rapid progress in this direction brings about many interesting fundamental ideas (such as coherence control) and possible applications (e.g., using selftrapped beams from incoherent sources, such as, Light Emitting Diodes) for reconfigurable optical interconnects and beam steering.
APPLICATIONS OF PHOTOREFRACTWE SOLITONS
The use of solitons, and in particular ofphotorefractive solitons, to induce waveguides in a bulk medium brings about several interesting applications. Some potential applications are common to all spatial solitons in Kerr and non-Kerr nonlinear media. These include reconfigurable near-field optical interconnects and optical wiring. For these applications, the only advantage photorefractive solitons have over Kerr solitons, is the dimensionality: since photorefractive solitons can self-trap in both transverse dimensions, they can induce two-dimensional waveguides. However, other solitons in saturable nonlinear media were shown to exhibit two-dimensional self-trapping, and are expected to induce two-dmensional waveguides as well. There are, of course, several major differences in the properties of the soliton-induced waveguides in each of these cases (such as optical power required, response time, energy required for switching, etc.). On this subject there are two recent advances with photorefractive solitons. The first is a recent observation of self-trapping in photorefractive semiconductors (laP) and induced waveguiding [19, 32] , which was carried out at an optical telecommunication wavelength (1.3 rim) and with a formation time on the order of psec. The second is the creation of very fast high-intensity screening solitons recently observed in SBN with a pulsed laser at nano-second time scales.
A second application of photorefractive solitons utilizes soliton-induced waveguiding for beam steering. This application is commonly referred to as 'soliton dragging", where a soliton beam is able to guide and steer a "signal" beam, The last and most unique application of waveguides induced by photorefractive solitons, is for nonlinear frequency conversion, which was first proposed in Ref 35. Since the conversion efficiency of second harmonic generation (SHG) and other parametric processes always scales with the optical intensity of the "pump' beam, it is desirable to confme the interacting beams in a waveguide structure. This implies that phase-imttching is now required among the propagation constants of the interacting guided modes of the waveguide (rather than among the wave-vectors, as in a bulk medium). Since both have a very limited tunability range for SHG in waveguides, structures with several (laterally parallel to each other) periods of poling were fabricated, giving rise to extended tuning. Obviously, it is highly desirable to have waveguide structures in which either the phase-matching (periodic poling or crystalline directions) or the waveguide properties (that is generated in the frequency conversion process) also forms a soliton, which, at the same time, confmes (guides) the other Qump, idler) beams as well. Third, phase matching at a specific operation point can be achieved by using crystalline birefringence (such as in photorefractive KNbO) or by periodic poling. The latter can be done by employing standard electrical poling techniques as in LiNbO. [36] and SBN [37] . Finally, waveguides induced by screening solitons are highlycontrollable by electro-optic means (no mechanical movements needed), simply by tuning the soliton along its existence curve [38] . This means that the phase matching condition, whether it is achieved by birefringence or by periodic poling, is tunable, with a very large degree of accuracy. We foresee that the combination of flexible phase matching and high power confmement in waveguides induced by photorefractive solitons will lead to efficient and hhly tunable nonlinear frequency converters. This task has become a step closer by the recent observation of the photorefractive screening solitons in KNbO3[39] , a commonly used nonlinear material for frequency conversion.
CONCLUSION
Photorefractive solitons is a very new research field. Up to now, most of the research done was about their existences, stabilities, modal properties, and interactions. Although several applications about photorefractive solitons have been brought up, and a few preliminary experiments (such as photorefractive solitons and waveguiding effects in KNbQ or in hiP) have been demonstrated, that a great deal of more research efforts should be put into this field before any practical application can be realized is expected. 
